The effect of the addition of chlorine and/or sulfur to the fuel on fly ash composition, deposit formation, and superheater corrosion has been studied during biomass combustion in a circulating fluidized-bed boiler. The chlorine (HCl (aq)) and sulfur (SO 2 (g)) were added in proportions of relevance for the potassium chemistry. The composition of the bottom and the fly ashes was analyzed. Gas and particle measurements were performed downstream of the cyclone before the convection pass and the flue gas composition was recorded in the stack with a series of standard instruments and an FTIR analyzer. At the position downstream of the cyclone, a deposit probe was situated, simulating a superheater tube. Deposits on the probe and initial corrosion were examined. It is concluded that addition of sulfur and chlorine increases the formation of submicron particles leading to deposition of potassium sulfate and chloride. The results compare well with earlier work based on laboratory-scale experiments concerning effects of chlorine and sulfur on potassium chemistry.
Introduction
During firing of biomass in boilers for power generation, inorganic components are released from the fuel and may cause problems such as deposits 1-5 with subsequent high-temperature corrosion 4,6-8 and agglomeration of bed material in fluidized beds. 9 Deposits are formed from alkali metals that are released from the fuel and transported to surfaces in the boiler by different mechanisms. 3, 6, 10 Deposits may be sticky at relatively low temperatures, and this may facilitate further attachment of particles. Once a deposit including alkali metals has been formed, corrosion may be enhanced 6, 11, 12 and the super heater tubes may have to be replaced, implying costly shutdown and repair.
To counteract the alkali-related problems, it is important to know how alkali is transported from the fuel to the surface where it deposits. In biomass, potassium is the dominant alkali element. Chlorine has been found to facilitate alkali release from biofuel, 13 probably by forming gaseous potassium chloride, which is stable at combustion temperatures. 2 Potassium chloride may then condense on particles in the flue gas or on surfaces, forming a corrosive deposit. 6, 11, 12 If chlorine is not present, potassium may form hydroxide when released from the fuel 2,14 and, in fluidized beds, it may also react with the bed material. 15 Several methods have been suggested to counteract the alkalirelated deposits. These are removal of alkali in the fuel, e.g., by washing, 16 addition of kaolin to capture potassium, 17 cofiring with other fuels that contain sulfur or kaolin-like ash minerals. 19 It has been shown that addition of sulfur enhances formation of potassium sulfate and thereby hinders formation of potassium chloride. 8, 20, 21 Apart from cofiring with fuels containing sulfur, e.g., coal, sulfur can be added to the combustion chamber or the flue gas stream as elementary sulfur, sulfur dioxide, 7, 22 or sulfate. 23 In the present study, potassium, chlorine, and sulfur distributions between ash, particles in the combustor system, vapor, and deposits are examined during combustion of wood chips and wood pellets in a circulating fluidized bed (CFB). The effect of sulfur and chlorine additions on initial corrosion of superheater steel is investigated. In a related earlier study in the same CFB, potassium, chlorine, and sulfur distributions between ash and vapor were studied during co-combustion of wood chips and coal. 14
Experimental Details
Boiler. Measurements were performed in the 12 MW th CFB boiler at Chalmers University of Technology. The boiler, schematically shown in Figure 1 , was fired with a mixture of wood chips (62-75%) and wood pellets (25-38%) at a load of 7-7.5 MW th . The excess-air ratio was held in the range of 1.22-1.25. The bed temperature was kept at 850 ( 10°C. The flue gas was ∼800°C upstream and ∼160°C downstream of the convection pass. The bed sand was "silversand", which consists of 98.9% quartz (SiO 2 ). Given as oxides, other constituents are Al 2 O 3 (0.181%), Fe 2 O 3 , CaO, MgO (each ∼0.12%), and K 2 O (0.06%). 24 The fuel flow was continuously recorded, and fuel samples were taken at least twice during an experiment. Fuel analyses are shown in Table 1 . Experiments were performed either with the fuel mixture of wood chips and pellets alone or with addition of chlorine as HCl (aq) and/or sulfur as SO 2 (g). Ash samples were taken at the end of each experiment from the bottom bed (labeled 5 in Figure 1 ), the return leg (7), the secondary cyclone (11), and the bag filters (12), as indicated in Figure 1 (1) combustion chamber; (2) fuel feed chute; (3) primary air to air plenum; (4) secondary air inlet at 2.1 m; (5) bottom ash removal; (6) hot primary cyclone; (7) particle return leg; (8) particle seal; (9) heat exchanger; (10) cold secondary cyclone; (11) secondary cyclone ash removal; (12) bag filters; (13) filter ash removal; (14) flue gas fan; (15) sand bin; (16) lime bin; (17) fuel bunkers; (18) air fan; and (19) flue gas recirculation fan. Measurement positions A, B, C, D, E, F, and G are indicated. in nitric acid. The solution was analyzed with inductively coupled plasma-optical emission spectroscopy. The ash flows to and from the boiler were measured. However, the output of ash is small and only a few kg h -1 were measured with equipment devised for 10-50× larger flows. Furthermore, the low ash content of the fuels makes representative fuel sampling difficult, owing to a rather large spread of ash content in different fuel samples, and it is concluded that the measured fuel ash flows have an uncertainty of 20-25%. The flue gas in positions B, E, and G was continuously monitored by two sets of conventional on-line gas analyzers for O 2 , CO, CO 2 , and SO 2 and an FTIR (Fourier Transform Infrared, Bomem M110) for H 2 O, CO 2 , SO 2 , CO, and HCl. The gas analyzers were calibrated before each experiment. Particle Sampling. Particles were collcted at position B after the exit of the primary cyclone at a gas temperature of ∼800°C and at position F downstream of the secondary cyclone at ∼160°C. The instrumental setup for on-line particle sampling is illustrated in Figure 2 .
A sampling probe inlet that was oriented perpendicularly to the flue gas flow extracted gas at the center of the flue gas duct. The losses to surfaces in the probe, as well as the reduction of flue gas temperature, were considered to be limited since the flow rate through the probe was typically 200 dm 3 /min and the residence time within the probe was <0.2 s. Particles with a diameter larger than 3 µm were partially removed by a cyclone connected to the probe, whose removal probability increases with particle size. Because of the high particle number concentrations, dilution of the hot flue gas during aerosol particle measurements was accomplished by three ejector diluters connected in series before the measurement instruments, resulting in a total dilution factor of 350. The first diluter was heated to 150°C to avoid condensation of water vapor. Number size distributions were obtained for particles in the size range 0.01-0.35 µm with a scanning mobility particle-sizer system (SMPS, TSI Inc., model 3936). A low-pressure impactor (LPI) was used to collect particles to obtain information on mass and chemical composition. Particles were inertially separated and collected on 11 steel plates prepared with vacuum grease dissolved in toluene. The mass from particles collected on each plate was measured, and the particles were further dissolved in 1% HNO 3 for subsequent elemental analysis by inductively coupled plasma-mass spectroscopy (ICP-MS).
Deposit/Corrosion Probe. The formation of deposits and the initial corrosion attack in the superheater region were studied using steel rings (diameter of 38 mm, length 15 mm) fitted on an air-cooled probe, which was exposed at position B. The rings were made of alloy 304L (see elemental composition in Table  2 ). The exposure time was between 15 min and 12 h. Before exposure, a fresh surface was produced by first turning the rings on a lathe, and thereafter they were subjected to ultrasonic cleaning in acetone and ethanol. The temperature of the sample was measured by a thermocouple shielded from the flue gas and placed on the windward side of the probe a few mm from the samples. After a heat-up period of ∼5 min, the surface temperature of the probe was kept at 500°C. Crystalline corrosion products were analyzed by X-ray diffraction (XRD) in a Siemens D5000 powder diffractometer equipped with grazing incidence beam attachment and a Göbel mirror. Cu KR radiation was used, and the angle of incidence was 10°. The detector measured between 20°< 2θ < 60°. Analytical scanning electron microscopy was carried out with an Electro-scan equipped with a Link eXl EDX system. The microscope was operated at 20 kV for secondary electron imaging and energydispersive X-ray (EDX) analysis. Auger analysis was performed using a scanning Auger microprobe (PHI660). The electron beam voltage was 10 kV, and the beam current was ∼150 nA. Depth profiles were obtained using a differentially pumped ion gun (Ar + ) with acceleration voltage 4 kV. The etch rates were calibrated on flat samples of Ta 2 O 5 with a well-known oxide thickness of 1000 Å. The collected raw data were refined by MultiPak v.6.0 software to evaluate the shapes of differentiated Auger peaks. This feature distinguishes between the signals from oxidized and metallic iron and chromium based on the chemical shifts of these elements in oxidized form.
Experimental Strategy. Potassium, chlorine, and sulfur chemistry, and the transport and distribution of these species in the CFB boiler, were studied with and without additives to the fuel. The flows of fuels and the additives into the boiler in the different experiments are summarized in Table 3 . Combustion of a mixture of wood chips and wood pellets without additive is referred to as the "base case". The total flows of chlorine (added at the fuel feed chute as HCl (aq)) and sulfur (added to the primary air as SO 2 (g)) increase by about an order of magnitude compared to the base case. The additive cases are referred to as the Cl, Cl + S, and S cases, as defined in Table 3 . The added flows of chlorine and sulfur are related to that of potassium, originating from the fuel. Each experiment lasted for ∼12 h to approach steady-state conditions. Prior to each experiment, soot-blowing with steam cleaned the convection pass. Setup for on-line sampling and analysis of particles from the flue gas, including a differential mobility analyzer (DMA) connected to a condensation particle counter (CPC) and a low-pressure impactor (LPI) used to collect samples for subsequent analysis of mass and chemical composition. Abbreviations: T1, T2 ) thermocouples; P ) pressure gauge. a Values are given as averages from different experimental tests. b Chlorine was supplied by addition of 2-2.5 M HCl (aq) in addition to fuel-chlorine. c Sulfur was supplied by addition of SO2 (g) in addition to fuel-sulfur.
Results

Flows of Solid and Gaseous Species.
The ratios of input of fuel ash to the total output of ash were calculated for each case. In the three base-case runs, the ratios were 0.96, 1.07, and 1.18. In the two Cl cases, the ratios were 1.21 and 1.32. In the Cl + S case, it was 1.44, and in the two S cases, they were 0.60 and 0.91. A perfect ash balance would yield a ratio of 1. Despite the experimental errors of ∼25%, there is a tendency that HCl addition leads to accumulation of ash in the boiler.
The ashes, collected from the secondary cyclone and the filter, are the fly ash. Because of the small ash flows, no significant difference in the ash flows was found between the different cases. The bottom ash flow from the bed was only 0.5-1.5 kg/h, but more was removed as fly ash. The flows from the secondary cyclone and bag filter were 3-6 and 2.5-4 kg/h, respectively. A shift in the relation between the ash flows from the bag filter and the secondary cyclone is noted when the combustion environment is altered from the Cl case to the Cl + S case. Addition of HCl results in high ash concentration in the filter, whereas when HCl is added together with SO 2 , a larger fraction of the ash is captured in the secondary cyclone.
The molar flows of potassium, chlorine, and sulfur in the ash from the bed, from the secondary cyclone, from the filter, and in the flue gas are shown in Figure 3 . As expected, the SO 2 concentration increases greatly when SO 2 is added, and the corresponding is true for HCl on addition of HCl. An interesting observation is that the HCl concentration is very high in the Cl + S case and also relatively high in the S case (compared to the base case that has the same Cl input). This means that sulfur competes with chlorine in reactions with other components. On the other hand, the potassium flow is not strongly affected by the addition of chlorine and sulfur. Addition of HCl and/or SO 2 increases the total fly ash flow. A sharp increase in chlorine flow from the filter is observed upon HCl addition; this increase is suppressed upon SO 2 addition, and chlorine is instead found as HCl. There is no difference in sulfur flow between the Cl case and the Cl + S case, whereas in the S case, the sulfur flow increases considerably. Figure 4 shows the relative composition of ashes. The effects of HCl and SO 2 addition are most clearly seen in the chemical composition of the filter ash. The potassium content of the three types of ashes is similar in the base case. The potassium content of bed ash and secondary-cyclone ash is not strongly affected by HCl and SO 2 addition, while HCl and/or SO 2 addition doubles the potassium content of filter ash. The chlorine and sulfur fractions in the bed ash are close to zero in all cases, which means that potassium is retained in the bed by other species. The chlorine content of secondary-cyclone and bagfilter ashes is also low in the base case, but it increases strongly in the Cl and Cl + S cases, especially in the filter, with chlorine fractions exceeding 10% of the total mass. There is sulfur in the fly ash, but the sulfur is more evenly distributed between secondary-cyclone ash and bag-filter ash than the chlorine. The sulfur fraction in secondary-cyclone ash is doubled when SO 2 is added, and there is a strong increase in sulfur content in the filter ash in the S case. Figure 5 shows HCl (g) and SO 2 (g) concentrations normalized to 6% oxygen level in dry flue gas at measurement positions B, E, and G.
The concentrations are low and close to the detection limit (1 ppm) in the base case. The HCl concentration increases upon HCl addition. In the Cl + S case, there is a strong effect on the HCl concentration, which is higher at all of the measurement positions than in the Cl case. The S case also results in higher concentrations of HCl than in the base case. The SO 2 concentration appears to be lowered upon HCl addition, as is clearly seen when comparing the Cl + S and S cases. The measurement positions are placed in the same order as the flue gas passes them. The flue gas temperature is ∼800°C at position B and falls to ∼160°C at position E, after passing the convection pass. Before position G, situated just upstream of the stack, the flue gas has passed the secondary cyclone that removes large fly ash particles and the bag filter that removes small fly ash particles. The HCl concentration decreases while moving from position B to E, except in the Cl + S case. In the latter case, the SO 2 concentration also increases while the gas moves from B to G.
Particle-Size Distributions in the Fly Ash. Particle mass size distributions for total mass and for selected elements are shown in Figure 6 .
The distributions were measured at position F in the base case. The size distribution of total mass of collected particles shows a bimodal structure, which is often observed in the combustion of solid fuels. The fine-particle fraction (<1 µm) is dominated by particles formed from volatilized elements that nucleate to form new particles or condense on existing particles when the flue gas is cooled. The coarse particle fraction (>1 µm) is dominated by ash components from the fuel that have remained in the solid (or liquid) phase during the combustion process. The distribution above 3 µm is characterized by the capture efficiency of the cyclone connected to the sampling probe. Potassium and sodium are predominantly found in the fine particle fraction. The coarse-particle fraction consists mainly of nonvolatile elements such as calcium, magnesium, aluminum, iron, and phosphorus. Elements observed in the fine mode are also present in the coarse mode because of the condensation of gaseous components on the surface of large particles. There is sulfur both in the fine and coarse modes. The data indicate that sulfur-containing compounds partially are gaseous during combustion and partially remain in the solid phase. Chlorine was not included in the analysis, and the detected elements correspond to the mass fraction soluble in 1% nitric acid solution. The analysis thus excludes a fraction of elements bound to mixed silicates that are not dissolved by the acid solution.
Particle mass size distributions of total mass and for potassium, calcium, and sulfur are shown in Figures 7 and 8 . The data in Figure 7 were obtained at measurement position F, and Figure 8 shows data from position B. The total mass of the fine-particle fraction increases considerably in the Cl and Cl + S cases compared to that in the base case in Figure 7 . The additions obviously result in larger concentrations of volatile compounds, which condense to form submicron particles when the flue gas is cooled. The concentration of coarse-mode particles does not change much during the addition of HCl and SO 2 . The small changes observed can be attributed to minor fluctuations in boiler operation. The potassium data show that the higher particle mass in the Cl and Cl + S cases than in the base case to a large extent is related to the increased concentration of potassium compounds. The sulfur concentrations increase considerably in both the fine-and coarseparticle modes for the Cl + S case compared to the Cl case. The calcium mass size distribution is qualitatively similar in the three cases. Calcium is almost exclusively found in the coarse fraction, irrespective of the additions made to the fuel. Therefore, it can be concluded that the coarse fly ash component is not strongly influenced by changes in potassium, chlorine, and sulfur concentrations. Changes in the surface properties of supermicron particles can, however, not be excluded, since some of the material producing small particles condenses on the surface of larger particles. Figure 8 shows data from position B. At the high temperature (800°C), some of the gaseous components condense as the gas is cooled in the probe. The condensation leads to formation and growth of submicron particles in suspension and deposition on available surfaces. Such effects have not been quantified in detail. The total mass and calcium mass size distributions are similar for the displayed Cl, Cl + S, and S cases, and the distributions are also qualitatively comparable to the data from measurement point F (Figure 7) . The total mass of the coarsemode particles is somewhat higher at position B than in position F, which is reasonable as some of the large particles are removed by the secondary cyclone. The sulfur mass concentrations are highest in the S case, indicating that the added SO 2 is efficiently transformed to particulate sulfur. The potassium concentration in fine-mode particles is particularly pronounced in the Cl case; the added HCl enhances the formation of potassium compounds from the fuel.
Number size distributions of submicron particles in the flue gas are shown in Figure 9 .
Sampling at position F in the base case, the Cl case, and the Cl + S case shows that the number concentration of the fineparticle fraction increases and shifts to larger particle sizes in the Cl and Cl + S cases than in the base case. The number size distribution shifts from a peak ∼60 nm in the base case to a position ∼100 nm in the addition cases, corresponding to an increase in particle mass of approximately a factor of 5. This is in good agreement with the increase in mass of the fine-particle mode in the Cl and Cl + S cases (Figure 7 ). Similar tendencies have been reported from measurements with other methods. 25 Initial Deposit Formation and Corrosion. Visual inspection of the 304L rings after 15 min exposure showed that the surface had a gold/bronze interference color, with a dull surface finish, originating from deposited ash particles. Obviously, the surface was covered by an oxide film in the 100 nm range and by ash particles of micrometer size. After exposure for 1 h, a clearly visible deposit layer of white ash had formed, especially on the windward side. A metallic luster could still be seen on the leeward side. After 12 h, a white ash deposit completely covered the surface, with the layer being somewhat thicker on the windward side. The deposits in different cases appeared visually similar. The composition of the exposed samples analyzed by GI XRD is shown in Table 4 . In the base case, K 2 SO 4 and K 2 Ca 2 (SO 4 ) 3 were the only phases detected in the ash deposit. The deposit formed in the S case had a similar composition as in the base case. In the Cl case, the deposit was dominated by KCl together with traces of CaCO 3 . In the Cl + S case, the deposit consisted of a mixture of KCl and K 2 SO 4 . As expected, the samples exposed for 15 min showed peaks from the steel substrate with strong intensity diffraction. After 6 h exposure, diffraction from the steel substrate was detected in the base case and in the sulfur case but not in the Cl and the Cl + S cases, indicating that more deposits had formed in those environments.
Figures 10 and 11 show ESEM plan views and qualitative EDX maps of sample surfaces exposed at 500°C for 1 h in the Cl and Cl + S cases, respectively.
The elements iron, chromium, and nickel in steel are shown in the upper row of the EDX map of Figure 10 and 11. A high intensity of these elements means that the area has little ash deposits. The lower row shows the ash elements potassium, sulfur, chlorine, and calcium. Also, silicon and aluminum appear sporadically, and traces of magnesium, sodium, and titanium were detected. Figure 10 illustrates the deposit formed after 1 h in the Cl case. The upper map is the situation on the windward side. The low levels of iron, chromium, and nickel prove that most of the steel surface was covered by the deposit. Strong signals for potassium and chlorine indicate that the deposit consists of KCl. In addition, small amounts of sulfur, calcium, and oxygen were observed. The deposit formed on the leeward side was far thinner (lower maps in Figure 10) , as revealed by the strong signals for iron, chromium, and nickel from a bare steel surface. The presence of deposited particles on the leeward side is shown by a sporadic appearance of potassium, chlorine, sulfur, calcium, and oxygen. Smaller amounts of deposits appear to have formed after 1 h in the Cl + S case than in the Cl case (see Figure 11) . The relatively thick deposit on the windward side is dominated by potassium, sulfur, chlorine, and oxygen. In addition, signals from the steel substrate appear. The small amount of deposits on the leeward side is dominated by sulfur and calcium.
The EDX maps were further analyzed by principal component analysis (PCA), 26 trying to explain the covariance structure of data by means of a small number of components. These components are linear combinations of the original variables and often allow for an interpretation and a better understanding of the different sources of variation. The method requires no a priori knowledge about the number and types of components. In the present analysis, each pixel on the EDX maps was treated as one measurement, resulting in a total of 100 × 100 measurements with different elemental compositions. The analysis included a VARIMAX rotation of the principalcomponent loading matrix. 26 The results from the PCA analyses are summarized in Table 5 for the Cl case and in Table 6 for the Cl + S case. The tables describe the components identified in each analysis, with decreasing significance of the components from left to right. The rightmost column in Tables 5 and 6 Tables 5 and 6 ). For example, the first component in the leeward side data in Table 5 has high values for sodium, oxygen, aluminum, calcium, magnesium, phosphorus, and silicon. These elements are commonly present in fly ash, and the component is identified as "fly ash". The second component shows high values for chromium, iron, and nickel (and the minor element titanium) and should originate from the surface of the steel substrate. A steel component is present in all cases listed in Tables 5 and 6 . Fly ash components are also observed, and sometimes sulfur and potassium are found together with the other fly ash elements. More than one fly ash component is occasionally identified, and the coarse particles may be heterogeneous in composition. Since only a small number of large fly ash particles may have been collected on the analyzed surface, the results could also be biased by statistics. In the Cl case, potassium and chlorine are strongly correlated both on the windward and leeward sides of the probe, and KCl is obviously the main potassium compound (see component marked KCl in Table 5 ). Potassium and chlorine are not associated with the elements related to fly ash. Sulfur is found together with both KCl and fly ash on the windward side, while it is not related to KCl on the leeward side. In the Cl + S case in Table 6 , potassium and chlorine are seen together with sodium and sulfur on the windward side, probably pointing at the existence of mixed alkali chlorides and sulfates. Sulfur also exists in the fly ash phase, deposited on the windward side. On the leeward side, there is potassium instead together with sulfur and oxygen, and most likely, K 2 SO 4 has been deposited on the surface. The existence of low chlorine concentrations on the leeward side is not correlated with other elements. The conditions with respect to potassium, chlorine, and sulfur chemistries are rather different on the windward and leeward sides of the deposit probe, pointing to an effect of gas and particle transport to the two sides. Fly ash is mainly present on the windward side, and therefore, this deposition is likely to have occurred by impaction. 3 Potassium is not associated with fly ash in any of the cases. The presence of KCl on the leeward side in the Cl case suggests direct condensation on the steel or thermophoresis of homogeneously formed KCl particles. 3 Condensation of KCl has been reported in other studies. 1,4,22 The absence of KCl on the leeward side in the Cl + S case suggests that potassium mainly condenses as sulfate. The corroded sample surface was characterized by SAM depth profiling. Figure 12 shows Auger depth profiles collected on the leeward side of samples exposed for 1 h in different environments.
The oxide is 50-100 nm thick and has similar elemental composition in the different environments. It is dominated by iron and chromium oxide, with the bottom part being enriched in chromium. The only element originating from the ash deposit that is present in significant amounts is potassium, found in the outer part of the oxide layer. There were also small amounts of calcium and sulfur in the outer part of the oxide layer, but the occurrence and concentration of these elements are more erratic than those of potassium. No chlorine was detected in the oxide, not even in the Cl and Cl + S cases (parts b and c of Figure  12 , respectively).
Comments on the Results
As estimated from ash flows and compositions, 30-60% of the potassium became strongly bound to the bed material and left the CFB with bed ash, 5-15% left the system with secondary cyclone ash, and 10-25% left with bag-filter ash. The total potassium output was only 60-85% of the input during the experiments. If it is assumed that the potassium concentration in the bed was stable during each experiment, 15-40% of the potassium would have been deposited on the heat-transfer surfaces of the boiler, corresponding to 0.2-0.6 kg h -1 of potassium. This estimate is uncertain since the detailed deposition on the tube walls is unknown. In order to investigate the loss of potassium to the walls, enrichment factors (EFs) were calculated for different fuel-ash elements. An EF is the ratio of the concentration of an element in the ash sample to the concentration of the same element in the fuel ash (see Table  1 ). EFs are shown in Figure 13 .
Bed ash has been excluded because of the diluting effect of sand. Also the secondary-cyclone ash is probably affected by silicon from the bed sand, which results in a high EF for silicon and low EFs for the other elements. Chlorine and sulfur have been excluded in the cases in which they were added. Major fly ash elements, like calcium, magnesium, and phosphorus that remain in the solid phase throughout the combustion process, display similar EFs in the different ashes and cases. Losses of Table 1 ) for wood chips and pellets mixtures was the reference material.
these elements are relatively small in the system. In the secondary-cyclone and bag-filter ashes, potassium has a lower EF than any of the other elements. This is a strong indication that potassium is lost during transport from the fluidized bed toward the bag filter. If it is assumed that calcium is not lost in the system and the EFs of calcium and potassium are compared, the "missing potassium" in the secondary-cyclone and bag-filter ashes can be calculated to be 0.2-0.6 kg h -1 . This estimate is in excellent agreement with the loss of potassium calculated above, based on ash flows and compositions, and it is concluded that 15-40% of the potassium initially deposits on the inner walls of the boiler during the conversion process.
Although ash may pile up in many locations, for this crude estimate it is sufficient to consider the tube and wall area of the convection section and economizer, which is ∼500 m 2 . With a potassium deposition rate of 0.4 kg h -1 , a layer of potassium salt would then build up with an average deposition rate of ∼2 µm h -1 . This is in fair agreement with the deposits observed on the steel rings. Most of the potassium is found in the form of salts on top of the steel surface (Figures 10 and 11) , and a very small fraction intercalates the topmost layer of the steel (Figure 12 ). Both flue gas chemistry and properties of fly ash particles in the superheater region of the CFB boiler are affected by adding SO 2 and HCl to the fuel; in particular, this affects the physical and chemical state of the potassium. The fuels of the present study have low chlorine concentrations compared to their potassium concentrations. Therefore, it is likely that initial potassium release takes place as KOH or other potassiumcontaining compounds rather than as KCl. 14 KOH may subsequently react to form another more stable potassium compound depending on the concentrations of other species. The potassium compounds may adsorb on bed particles and form stable potassium silicates or potassium alumino silicates. 15 KOH (g) readily reacts with HCl (g) to form KCl (g). K 2 SO 4 (g) nucleates to form new particles at a temperature of ∼800°C, while KCl (g) condenses at 500-600°C. A major part of the potassium is captured in the bed material, presumably forming silicate. Addition of HCl and/or SO 2 increases the potassium flow in the secondary-cyclone ash and especially in the filter ash. In the Cl case, the chlorine flow increases significantly in the bagfilter ash. In the Cl + S case, the chlorine flow shifts from the filter to the flue gas, suggesting a reaction scheme where chlorine and sulfur competes to react with potassium. This scheme has been reported before. 20, 22, 27, 28 The potassium fraction in the ashes appears not to be significantly altered by the additions, but this may be due to lack of accuracy in measuring such small ash flows. However, the association between potassium and sulfur is seen in the change in particle composition (Figure 7 ) and the deposit analysis (Figures 10 and 11) . In the S case, the chlorine concentrations are higher in the fly ash and the flue gas than in the base case, despite the same input flow. Despite steam sooting before each experiment, it is impossible to clean every surface area. Therefore, since no chlorine is found in the bed material, this can only be attributed to memory effects, i.e., reactions between sulfur and deposits already present in the boiler. In the S case, the sulfur flow in fly ash and flue gas increases. Compared to this increase, the sulfur flow decreases sharply in the filter ash in the Cl + S case. This could be explained by the competitive reaction between chlorine, sulfur, and potassium.
In the base case, potassium release from the bed was limited, and the fine-particle concentrations were relatively low in the flue gas. The gas-phase concentrations of HCl and SO 2 were low in this case, and only a small fraction of potassium compounds could react to form potassium chloride or sulfate. HCl addition increased the fine-particle concentrations significantly, since the alkali species released from the fuel react with HCl to form KCl, which, to a large extent, escaped from the bed. According to the PCA analysis, the particles reach the deposit probe. In the S case, more potassium was released from the bed and higher concentrations of fine particles were present than in the base case. Formation of sulfate is often rate limited by the formation of SO 3 (g) from SO 2 (g). 29 The present results, however, indicate that availability of SO 3 (g) did not severely restrict reaction to sulfate in the S case. In the Cl + S case, chlorine and sulfur compete to react with potassium. Addition of HCl and SO 2 affects the overall reaction, and under the conditions employed here, the Cl + S case resulted in KCl and K 2 SO 4 .
In the base case, K 2 SO 4 (s) deposits on the corrosion probes. When HCl is added to the fuel, reaction 1 shifts to the left, and KCl (s) forms on the surface of the probe. Simultaneous addition of HCl and SO 2 gives rise to a mixture of KCl and K 2 SO 4 in the deposit. The oxide formed in the base case had a thickness of ∼50 nm (Figure 12) . Adding HCl or HCl + SO 2 to the fuel increased the oxide thickness to ∼100 nm. With time, the oxide becomes covered by ash deposits. After exposure to the biomass flue gas environment, the oxide is enriched in potassium, especially in the outer part. Chlorine is not present in the oxide even when KCl (s) formed on the surface. The oxide formed during HCl addition is similar to that obtained in furnaces with O 2 in the presence of 0.10 mg cm -2 KCl (s). Exposures of alloy 304 and Sanicro 28 to an O 2 + H 2 O environment in the presence of KCl (s) at 600°C showed that KCl reacts with the protective (Cr,Fe) 2 O 3 oxide according to reaction 2, forming K 2 CrO 4 and poorly protective Fe 2 O 3 : 11, 12 The reaction depletes the oxide in chromium and was reported to trigger rapid oxidation of the alloy, similar to the depletion caused by CrO 2 (OH) 2 (g).
Comparison with Other Studies
The results are in qualitative agreement with those of earlier studies in small CFB combustors. The effect of chlorine and sulfur on formation of fine particles has been studied by adding HCl and SO 2 to the reactor to a 50 kW pilot-scale CFB firing bark and pulp and paper mill sludge. 30 At low HCl concentration, a large fraction of alkali was retained in the bottom ash and the concentration of fine particles in the flue gas was relatively low. HCl addition increased the concentration of fine particles considerably due to gas-phase reactions. SO 2 addition transformed some of the chlorides into sulfates in the fineparticle mode. Another study in an entrained flow reactor 
showed the effect, on particulate emissions, of combining biomass with sulfur-enriched fuels. 31 Combustion of pulverized orujillo (a process residue from olive oil production) resulted in a submicron-particle mode composed of KCl and K 2 SO 4 in similar proportions. When SO 2 or sulfur-containing fuels (coal and coke) were added to the biofuel, chlorine disappeared from the submicron particles. In a second study, the same authors measured the chloride/sulfate ratio in fine particles and showed that it was greatly affected by the initial concentrations of SO 2 and O 2 in the flue gases. 32 This dependence could be modeled if the conversion of SO 2 to SO 3 was assumed to be the only limiting step en route to K 2 SO 4 . A chemical kinetic model for the gaseous sulfation of alkali hydroxide and alkali chloride has recently been described. 33 Sulfation is initiated by oxidation of SO 2 to SO 3 . SO 3 subsequently recombines with KOH or KCl to form KHSO 4 or KSO 3 Cl. These species are subsequently converted to alkali sulfate in fast reactions such as KSO 3 Cl + H 2 O f KHSO 4 + HCl and KHSO 4 + KCl f K 2 SO 4 + HCl. The oxidation of SO 2 to SO 3 becomes very slow at temperatures below 1085 K. 30, 31, 34, 35 In the present case, the bed temperature was 1123 K and kinetic limitation of formation of SO 3 according to the above mechanism should not be pronounced.
In a related work, ammonium sulfate addition was used to reduce the KCl levels in two 100 MW biomass-fired fluidizedbed boilers. 36 A solution of ammonium sulfate was sprayed into the flue gases, and it effectively converted KCl into K 2 SO 4 , which reduced the deposition rates and halved the corrosion rates for superheater materials.
The transport of potassium compounds to the surface of the deposit probe and the processes on the steel surface should be considered. The flue gas temperature was ∼800°C at the position of the deposit probe. At this temperature, KCl exists as gas and K 2 SO 4 will be in the gas or solid phase, depending on the partial pressure of K 2 SO 4 . Alkalichloride may deposit on superheater surfaces by direct condensation driven by diffusion or indirectly in the form of particles that move toward the surface by diffusion or thermophoresis. Simulations indicate that all processes may be in operation. However, the effect of boundary-layer dynamics on the total alkali chloride deposition rate did not seem to be very strong. 37 
Conclusions
A major result of this work is to demonstrate that the findings in small-scale and lab-scale combustion facilities are valid in a commercial-scale boiler.
A considerable part of the potassium in the fuel is found in the bed, irrespective of addition of HCl and SO 2 , obviously a result of the reaction with silica sand. Addition of chlorine to the furnace increases the number and mass of submicron particles in the flue gas because of the formation of potassium chloride that eventually condenses. This was shown by the analysis of the compositions of flue gas, particles, and deposits. These analyses also showed that adding sulfur can shift potassium from reaction with chlorine to reaction with sulfur to form sulfate. One could assume that sulfur would be captured by calcium and remain in the bed, but the rise of sulfur in the bed was quite small. It appears that the sulfur that reacts with calcium ends up in the fly ash. This is supported by the absence of sulfur in the bed and in the gas in the base case.
The particles that are carried by the flue gas have a bimodal size distribution. Volatilization and recondensation are the origin of the submicron part of the size spectrum, to a large fraction consisting of potassium, sulfur, and chlorine, whereas the particles above the micron size range are mostly ash fragments consisting of calcium, magnesium, aluminum, iron, and phosphorus.
The coarse-particle mode is less influenced by the addition of HCl and SO 2 . Condensation of volatile gases on large particles as well as chemical reactions cannot be excluded, as the species concerned also occur in the large-particle range. The number size distributions show greater number of particles, displaced toward larger size, with addition of HCl and SO 2 than without addition. This may be a consequence of agglomeration of fine particles facilitated by the denser particle suspension created during the addition of HCl and SO 2 .
Because of the short exposure time and relatively low temperature of the deposit probe, corrosion attack is limited. However, adding HCl to the fuel resulted in a significant increase in the corrosion of alloy 304L. Judging from previous laboratory investigations in similar environments, the acceleration of corrosion is attributed to the reaction of KCl (formed in the flue gas) with the protective chromium-rich oxide, forming K 2 CrO 4 .
